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Abstract
Power generation is one of the biggest sources of man-made carbon dioxide (CO2) emissions, the 
main anthropologic greenhouse gas.  As the combustion of fossil fuels generates CO2 emissions, 
new technologies are required to enable the power sector to continue to meet the global demand for 
electric power, while controlling the CO2 emissions that contribute to global warming.  To achieve 
meaningful reductions, it will be necessary to develop technologies that can be applied to both 
greenfield projects and to the existing fleet through cost effective retrofits. Among those 
technologies under development, Post-Combustion Carbon Capture and Storage (CCS) using the 
Chilled Ammonia Process (CAP) technology is one of the more promising solutions.  
Testing and technology development for CAP has been completed at the We Energies Field Pilot 
and is underway at the E.ON Karlshamn and AEP Mountaineer facilities. This paper will report on 
the progress being made at those three facilities and describe how the data being generated is 
contributing to the commercial scale-up of the technology. The current status of these facilities is as 
follows: 
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 The We Energies Field Pilot, designed to capture over 15,000 metric tonnes/year of CO2,
commenced operations in June 2008 and was operated through October 2009. This first of a 
kind Proof of Concept unit demonstrated that CAP could be applied to coal fired applications. 
 The E.ON Karlshamn Field Pilot, designed to capture over 15,000 metric tonnes/year of CO2,
was commissioned in April of 2009 and captures CO2 emissions from a boiler combusting a 
high sulfur fuel oil.
 The Product Validation Facility (PVF) at American Electric Power (AEP)’s coal-fired 
Mountaineer Power Plant, inaugurated in September 2009, is designed to capture and store 
100,000 metric tonnes/year of CO2.
The Chilled Ammonia Product Validation Facility treats a flue gas slipstream taken from a location 
downstream of Mountaineer’s existing selective catalytic reduction (SCR), electrostatic precipitator 
(ESP), and wet flue gas desulfurization (WFGD) systems.   Deployment of a CAP facility in this 
configuration represents a significant step in the technology scale-up process.   This project scope 
includes CO2 capture, compression, and storage in two geologic reservoirs with injection wellheads 
located on the plant property. AEP worked with Battelle to develop the geologic storage system. 
This paper describes the Chilled Ammonia Process Development Program and provides an update 
on the CO2 capture pilot plants status including the AEP Mountaineer  Product Validation Facility. 
© 2010 Elsevier Ltd. All rights reserved 
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1. Introduction to CO2 emissions abatement potential and status today 
In its World Energy Outlook 2009
1
, the IEA estimates in its baseline scenario that by 2030, the world power-
generation installed base will increase by ca.73%, with coal-fuelled electricity generation keeping pace. In this outlook 
for 2030, fossil fuels retain a major share of the power-generation base with slightly more than two thirds of the 
electricity generated coming from coal, oil and gas. By 2030, CO2 emissions may increase by 50% from current levels 
to 18Gt/Yr. Coal will be the main contributor to the increase in CO2 emissions, with gas being second.  The May 2007 
“IPCC Summary for Policymakers” gives a maximum target of 450 ppm CO2 Greenhouse Gas (GHG) concentration in 
the atmosphere in order to limit the long-term surface temperature increase to 2°C by 2100.  
The level of CO2 emissions envisaged in the IEA Reference Scenario does not include potential future regulations and 
actions taken to address this issue. It does highlight the strong dependency on fossil fuels for electricity production and 
that this trend will persist as fossil-fuel based power plants will continue to be built worldwide, especially in 
developing countries. To address this challenge and to reduce emissions to acceptable levels, a portfolio approach 
incorporating the best technical and economical solutions will be required. Although energy efficiency (supply and 
demand side) as well as renewable and nuclear energy must be pursued under all realistic scenarios, cutting CO2
emissions from large-scale fossil-fuel based power generation sources will play a major role in meeting the 450 ppm 
target.  
In the WEO 2009, the 450-ppm scenario describes a route to reaching this target through a mix of measures to be 
applied across the entire economy (Figure 1).  
1
 World Energy Outlook 2009, International Energy Agency (IEA), Paris – France.
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The 9.3 Gt of CO2 reductions shown in Figure 1 
come from the combined synergies of reduced 
demand, increased use of renewables, increased 
nuclear deployment, use of more efficient coal and 
gas power plants, and CO2 capture and storage 
(CCS) which accounts for 1.1 Gt CO2 per year 
reduction by 2030, and 5.5 Gt CO2 per year in 
2050
2
.  In order to achieve the 1.1 Gt CO2 per year 
reduction by 2030, the IEA WEO 2009 estimates 
that 232 GW of the installed worldwide coal and 
gas base should be equipped with CCS with a 90% 
capture rate.  This objective clearly implies that, to 
sustain fossil fuels as a primary energy resource 
for power in some regions, CCS must be included. 
More precisely, the IEA estimates that in the 
Organization for Economic Co-operation and 
Development (OECD) and the European Union, 
CCS should be installed on 90% of the coal 
capacity additions between 2020 and 2030, and on 
25% of new capacity in emerging countries
          Figure 1 3
.
To reach the 5.5 Gt CO2 per year target envisaged for 2050, CCS will need to be installed on 1140 GW of the installed 
base. Consequently CCS technology must be demonstrated rapidly and then deployed commercially on a large scale. 
Additionally all future power plants should be designed with CCS ready concept and built such that CCS facilities can 
be readily retrofitted once the technology is technically and commercially mature.  
2.0 Status of CCS Development 
CCS in the power generation sector can capitalise on knowledge gained from capture technologies that have been 
developed and commercially used in the Oil & Gas industry for decades. 
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Figure 2: McKinsey Carbon Capture & Storage: Assessing the Economics, 2008 
2
Technology Roadmap, Carbon Capture and Storage, International Energy Agency (IEA), 2009, Paris – France 
3 Brazil, China, Russia, South Africa, and the countries of the Middle East. 
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Capture technologies have been deployed in industries such as the natural gas processing for decades. Although the 
systems are mature, the extension of these systems for Power sector applications is new and has some technical and 
scale-up challenges remain. (See Figure 2). There are various capture technologies under development, the closest to 
the commercial stage being Post-combustion, Oxy-combustion and Pre-combustion.  
By contrast to CO2 capture, CO2 transport technology using onshore pipelines has been demonstrated since the 1970’s 
in Enhanced Oil Recovery projects where CO2 is carried from industrial or natural sources to the oil fields to increase 
production. In the US alone, more than 5,000km of CO2 pipeline is operated today, without major difficulty. Deep 
geological storage of CO2 technology is based upon the Enhanced Oil Recovery experience in the US. Other options, 
like pure storage in depleted oil and gas fields are less advanced. As a result, numerous large scale demonstration 
projects are currently on-going (Sleipner, Snohvit, Otway…) and are needed to provide critical information that will be 
used to develop deep saline storage projects that are not associated with oil and/or gas production sites.  
3.0 CCS Development Projects 
The first CCS demonstration projects are operational. These projects are being followed with a significant number of 
pre-commercial scale-up projects (>100MW). As of January 2010, from the compilation of available published listings 
and internal Alstom data, sixty-seven potential pre-commercial scale CCS demonstration projects (>100MW) have 
been identified as being in various stages of planning or development worldwide. While limited information is 
available on those projects, estimates from publicly available information indicate that these projects account for 15 to 
20 GW of CCS potential. From this analysis, it is apparent that a huge effort is needed to implement the demonstration 
projects such that commercial scale technology is available to meet anticipated Federal and State regulations for CO2
emission control by the end of this decade.  
Half of the announced demonstration projects are in Europe (35/67), owing both from the UK competition and the pre-
announcement of a 10-12 EU Flagship program. These initiatives have triggered considerable interest in the CCS 
technology supplier community with a number of pre-feasibility studies commissioned by the industrial concerns. 
These early European government signals on CCS funding are attracting enough interest from the supplier community 
to support the first phase of CCS deployment.  
The three most advanced CCS technologies as a portion of the total announced projects is illustrated in  Figure 3. This 
project distribution supports the European Union recommended technology portfolio approach to large-scale cost 
discovery as a methodology that 
could be applied worldwide. 
New projects represent the 
majority of these large-scale 
projects (i.e. 54 out of the 67 
projects identified) however 
addressing the installed base in 
this early ramp-up period is also 
necessary.
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Figure 3: Breakdown of announced large-scale demos – Source: Alstom
Finally, it also appears from this 
screening that the most 
represented technology is post-
combustion (34/68 projects) in 
comparison to pre-combustion 
and oxy-combustion.  
This distribution is related to the 
scalability of post-combustion 
technologies for partial flow  
capture, enabling demonstrations in large size plants while minimizing the investments (no boiler modification) and 
risks associated with implementation during the demonstration phase. However, at the commercial stage, there may be 
a market correction when oxy-combustion will ramp-up at a similar rate as post combustion  reduction. 
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4.0 Chilled Ammonia Development Program 
In 2006, Alstom licensed the Chilled Ammonia technology and participated in the initial stages of development in 
partnership with the Electric Power Research Institute (EPRI) and a consortium of industrial funders. The successful 
completion of these laboratory scale facilities demonstrated the ability of an ammoniated ionic solution to capture CO2
in an absorption stage and release that CO2 in a regeneration stage while returning the ionic solution to the absorber for 
re-use. The findings from these tests were utilized to scale up CAP technology for deployment in field pilot facilities 
operating on flue gas generated from fossil fuel applications.  
Operating data and experience gained from the field pilots was used to evaluate the equipment design tools and 
develop process simulation methods. In addition, these efforts provided insights on the relationship between unit 
operations and the process parameters that influence CO2 removal efficiency and regeneration rates.  
The CAP Development Program was designed to provide experience for scale-up and operation with different flue gas 
sources to expand the commercial operating envelope for this technology. A summary of the different facilities is 
provided in Figure 4. 
   Figure 4 – Chilled Ammonia Operating Facility Summary 
5.0 CAP Field Pilot Facilities 
The large bench scale CAP facility operated on synthetic gas and demonstrated both absorption and regeneration unit 
operations. Using information developed from this facility, two field pilots were designed and installed at the We 
Energies Power Plant in Pleasant Prairie, Wisconsin, USA and the E.ON Karlshamm power plant in Sweden. The Field 
Pilots were Proof of Concept Facilities which were intended to demonstrate the following key aspects of the CAP 
concept:
- CO2 Removal Efficiency  
- CO2 Product Quality 
- Regenerator Operating Conditions  
- Ammonia Emissions 
- Reagent Management and Impact of Flue Gas Contaminants on Operation 
- Reliability of the Process Equipment 
- Effectiveness of the Installed Equipment in Meeting Process Objectives 
- Indication of Energy Utilization 
- Material Selection for Different Services 
- Control Strategies for Start-Up; Shutdown; Normal Operation and Transient Operation 
The We Energies Pleasant Prairie Power Plant (“P4”), located in Pleasant Prairie, Wisconsin, US operated for 7700 
hours between June 2008 and Oct 2009. During this operating period satisfactory results were obtained from this 
program and were reported in the proceedings of the NETL CCS Conference held in May 2010 in Pittsburgh in a paper 
entitled – Chilled Ammonia Field Pilot Program at We Energies.  
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The objectives achieved at We Energies Field Pilot 
include: 
Figure 5:  Alstom  WE Energies field pilot
- CO2 capture efficiency approaching 90%. 
- CO2 Product Quality >99.5% 
- Sustained regeneration at 300 psig 
- Residual flue gas NH3 emissions < 10 ppm 
- Minimal solvent degradation 
- Operational uptime of 66% through full run time 
- Heat integration design limits identified 
- Heat of regeneration reaction validated 
- Mechanical inspection confirmed material selection 
- Sustained operation through power plant transients 
In parallel with the operation at We Energies, a similar scale unit was operated at E.ON Karlshamm as shown in Figure 6. 
This unit operated on flue gas from the combustion of a high sulphur fuel oil. Results were similar to what was obtained 
at the We Energies facility. But, in addition to the basic results, the following advancements were demonstrated:  
- Ammonia was captured and returned to the process using 
both low and high pressure stripping. The benefit of low 
pressure stripping is that lower pressure steam source is 
needed and the stripping of ammonia is more effective. 
                     Figure 6: Karlshamn Power Plant (Sweden)
- Implemented two stage water wash system with polishing 
stage and recirculation stage. We Energies had a more 
complex three stage recirculation water wash. 
- Demonstrated the ability to replace reagent with 
anhydrous ammonia. Using anhydrous ammonia reduces 
excess water introduced to the CAP and is less costly than 
aqueous ammonia that was utilized at We Energies. 
 and NO- Operated on an oil-fired boiler with higher SOX X
emissions than the unit at We Energies.  
- Equipped with additional instrumentation to provide data 
needed to validate process simulation tools.  
Both the field pilots were in service to demonstrate CO2
capture and release. In the next scale up stage, compression and CO2 storage would be demonstrated. 
6.0 CAP Product Validation Facilities 
With an improved understanding of the CAP technology obtained from the design and operation of the two Field 
Pilots, Alstom, in conjunction with our industrial partners, began to design the next scale unit in the form of the 
Product Validation Facility (PVF).
The first PVF was installed at the AEP Mountaineer Power Plant in New Haven, WVa, USA. This unit was designed 
to capture 100,000 metric tonnes/yr of CO2 from a coal-fired power plant for injection in two underground formations 
located beneath the plant site. The second PVF is being constructed for the Test Centre Mongstad (TCM) that is being 
developed adjacent to the Statoil Refinery in Mongstad Norway. It is designed to capture 80,000 metric tonnes/yr of 
CO2 from flue gas generated by a Fluid Catalytic Cracking Unit (FCCU) and a gas turbine. The AEP Mountaineer PVF 
became operational in September 2009 and began injecting CO2 into the underground formations in October 2009. The 
TCM PVF is currently under construction with a start-up projected for the end of 2011. 
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These PVF’s are intended as an intermediate scale unit that will demonstrate all CCS components. The facility at AEP 
Mountaineer is the first in the world to capture CO2 from a coal fired power plant and inject significant quantities into 
geologic formations. The AEP PVF is designed to treat aapproximately 50,000 SCFM of flue gas. Although this design 
rate is substantial in terms of gas volume, the issues with the scale-up of CO2 technology become apparent when one 
recognizes that this volume comprises 1.5% of the total AEP Mountaineer Power Plant flue gas flow.  
The project scope is segmented into two primary areas – Capture and Storage. The AEP PVF is shown in Figure 7. 
Figure 7 – AEP Mountaineer PVF 
Responsibility for the different sections of the PVF scope were segmented shown in Table 1:  
Table 1 
 AEP Mountaineer PVF and Storage Project Scope Definition 
Alstom AEP Batelle
Flue gas handling  Utilities Finish existing well for injection 
Monitoring and control system Handling of PVF bleed stream  Install second injection well  
PVF island steel CO2 transport pipeline  Install three monitoring wells  
Monitoring, verification, and 
accounting (MVA) system  
Cooling and cleaning system Pump to reach injection pressure  
CO2 absorption system  
CO2 regeneration system  
CO2 compression for transport  
The AEP Mountaineer PVF incorporated several design improvements that were developed from the initial operation 
at  We Energies. These improvements included:  
 Two absorber system to capture 75% of the flue gas CO2 achieving the total objective of 100,000 tonnes/yr.  
 The Water Wash was reduced from three recirculated beds in series at We Energies to two beds. The top bed 
is once through and serves as a polishing stage. The lower bed is a re-circulated system where the primary 
amount of NH3 is absorbed 
 The refrigeration system includes direct gas cooling with Refrigerant and free cooling during the months with 
lower ambient temperatures.  Two R-410a refrigeration systems are provided, Low Temperature for NH3
capture and High Temperature to remove heat of reaction. This configuration improves refrigeration system 
efficiency.
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 CO2 exits top of regenerator at 300 psig with less than 50 ppmv NH3. Moisture in this stream is reduced to 
less than 600 ppmv in a CO2 chiller prior to compression. Dry CO2 product is pressured up to 1500 psig in a 
reciprocating compressor.  
In addition to the improvements made to the CO2 capture unit, the key advancement of this project was the integration 
of  CO2 capture with compression and storage into a complete CCS demonstration unit. In this system, super-critical 
CO2 is transported via pipeline approximately 1,200 feet to the injection wells. The CO2 can then be injected into one 
or both of two injection wells, with the option of using a booster pump to increase the pressure as needed to nearly 
3000 psig for injection.  
The key objective of the storage project is validating CO2 injection and storage in the geologic reservoirs. Geologic 
formations need to be both porous and permeable in order to serve as storage reservoirs. In general, sandstone 
formations make excellent geologic storage reservoirs, whereas dolomite, shale, and limestone formations are often 
excellent containment systems. At Mountaineer, the CO2 will be injected into one or both of two reservoirs: the Rose 
Run Sandstone, approximately 7,800 ft below ground; and the Copper Ridge B-Zone, approximately 8,200 ft below 
ground.
Data collected from the storage efforts of this project will be compared with numerical models used to predict CO2
behaviour. Battelle’s modelling simulations, based on a seismic survey, well logging, and core and reservoir testing 
data from the first well (AEP-1), will be validated and tuned based on this real-world information.  
This project offers a rare opportunity for authenticating a large pool of data collected during characterization. 
Following the active injection period, the CO2 placed below ground will continue to be monitored for migration and 
confinement for up to 20 years in accordance with the Underground Injection Control (UIC) permit. 
Injection has been accomplished using only the compressor discharge pressure at an average rate of 5 metric tonnes/hour. 
Through May 2010, the Copper Ridge formation performance has exceeded expectations, accepting the CO2 at relatively 
low injection pressures (~1100 psi) with little increase in the formation pressure (~60 psi increase).  The Rose Run 
formation was initially more resistant to injection than was expected, but its performance has improved over time, with 
injection pressures around 1100 psi and formation pressure increases around 200 psi.  A series of marker tests have been 
run to verify CO2 containment within the reservoirs and to monitor the integrity of the wells with positive results.  
Details on the operation of the AEP Mountaineer PVF and Carbon Storage Project were presented at the MEGA 
Symposium that was held in Baltimore, MD USA on Aug 31, 2010 and appear in a paper entitled – CCS Project with 
Alstom’s Chilled Ammonia Process at AEP’s Mountaineer Plant.
7.0 CAP Commercial Scale Facilities
The final phase of scale up for CAP technology will take place as part of the Commercial Scale Demonstration Projects 
that were recently funded by the US DOE for a facility to be built at the AEP Mountaineer Power Plant and by the 
Canadian Gov’t and the Province of Alberta for the Trans Alta’s Pioneer Project at the Keephills 3 facility. The AEP 
Mountaineer facility is being designed to capture and store 1.5 MM metric tonnes/yr of CO2. The Trans Alta Pioneer 
Project is designed to capture and store 1.0 MM metric tonnes/yr of CO2.
Both facilities will capture approximately 20% of the CO2 generated from the host facilities and be completely 
integrated with the steam cycle at the host plant. These units are currently in the preliminary design stage and are 
expected to be operational in 2015. In conjunction with their design and initial operation, all the engineering design 
tools are being developed to support future commercial offerings that include performance and reliability guarantees of 
the sort expected by power generators experienced with the deployment of other types of AQCS systems. These 
deliverables include: 
1. Heat and Material Balance Tools including process simulation package 
2. Reaction Chemistry and Physical Properties Manual 
3. Equipment Specification Tools 
4. Design Manuals for each unit operation 
5. Operating Manual for each unit operation 
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6. Mechanical Scope for each unit operation 
  7.  Material Selection Guidelines 
  8.  PFD Templates 
  9.  P&ID Templates 
10. Control Strategy 
11. Project Execution Plan Template 
12. Project Schedule Template 
13. Commercial Offering Template 
14. Performance Guarantees and Risk Profile 
15. Operating Envelopes 
16. Operating Manual  
17.  Reliability, Availability, and Maintenance (RAM) study 
8.0 Facility Data for Implementing CAP Simulation Model 
Among the more important deliverables from the CAP development program outlined in the previous section is the 
generation of data that will be utilized to develop a reliable process simulation model. This model will generate the 
heat and material balances from which process equipment for all CAP unit operations will be sized. In the initial stages 
of CAP development, Alstom recognized that CO2-NH3-H2O systems were non-standard in terms of vapor/liquid 
(VLE) thermodynamic, and physical property mathematical models. Early work with commercially available process 
simulation models demonstrated significant variance between these models and the initial results obtained from the 
field pilots.  
As a result, it was apparent that the available process simulation models were insufficient to support a commercial 
design on which performance guarantees could be offered. With this realization, Alstom embarked on a painstaking 
process of data regression and comparison with operating results across a range of conditions to validate the simulation 
model. To date, the effort has produced a convergence between the physical world of operations and the mathematical 
world of process simulation. However, it is fair to say that certain unit operations have demonstrated a wider variance 
than would be desirable for commercial designs indicating that further adjustments to the model will be needed.  
In addition to the basic design models, there remains the issue of addressing power plant transient operation. These 
transients include normal variations found in coal chemistry, typical on-peak to off-peak operation caused by daily and 
hourly power demand fluctuation, and instantaneous shutdowns caused by unanticipated equipment failures. To 
evaluate the robustness of the process in handling each of these scenarios, Alstom has embarked on the development of 
a dynamic modeling program that will address the impact these exogenous events would have on the operation of a 
CCS facility. By developing a sound understanding of these variants and their influence on unit operations, the system 
can be designed to minimize their impact.  
9.0 Conclusion 
Alstom is well advanced in the development of a reliable CAP system that can meet the anticipated demands for the 
reduction of CO2 emissions from fossil-fuel combustion facilities. To date, the focus has been on understanding the 
CAP concept and how to operate the process and equipment. As the result of these efforts, areas for design 
modification have been noted and improvements planned. In addition, the economics of technology application are 
increasingly gaining focus as the effort shifts from producing a system that will function despite numerous process 
unknowns to one where the number of process unknowns has been narrowed through field experience and numerical 
model simulation so that the equipment can be reliably specified to fit the purpose.  
This paper has outlined the extensive undertaking to bring the Chilled Ammonia Process to commercial scale. It is a 
data driven effort that is using the best available engineering tools and methods in conjunction with numerous and 
increasingly-complex field demonstrations and validations to achieve commercial viability. We look forward to future 
forums that will allow us an opportunity to further report on progress as we move toward a commercially mature 
solution for CO2 mitigation. 
V. Telikapalli et al. / Energy Procedia 4 (2011) 273–281 281
